The tyrosine kinase Bcr-Abl causes chronic myeloid leukemia and is the cognate target of tyrosine kinase inhibitors like imatinib. We have charted the protein-protein interaction network of Bcr-Abl by a 2-pronged approach. Using a monoclonal antibody we have first purified endogenous Bcr-Abl protein complexes from the CML K562 cell line and characterized the set of most tightly-associated interactors by MS. Nine interactors were subsequently subjected to tandem affinity purifications/MS analysis to obtain a molecular interaction network of some hundred cellular proteins. The resulting network revealed a high degree of interconnection of 7 ''core'' components around Bcr-Abl (Grb2, Shc1, Crk-I, c-Cbl, p85, Sts-1, and SHIP-2), and their links to different signaling pathways. Quantitative proteomics analysis showed that tyrosine kinase inhibitors lead to a disruption of this network. Certain components still appear to interact with Bcr-Abl in a phosphotyrosine-independent manner. We propose that Bcr-Abl and other drug targets, rather than being considered as single polypeptides, can be considered as complex protein assemblies that remodel upon drug action.
D
rug targets are typically regarded as single proteins or even protein fragments. This traditional view is based on the fact that high-throughput screening of large compound libraries, still the most commonly used approach to identify lead compounds in drug discovery, mainly assays binding or inhibition of proteins or protein fragments (1, 2) . In line with this approach, the action of drugs in a cellular context is commonly envisaged as the interaction of the drug with a single or very limited number of cellular proteins. In strong contrast to this reductionist view, modern postgenomic technologies, in particular large-scale interaction proteomics and drug/chemical proteomics approaches, have dramatically changed our view of the organization of the human proteome and drug action. Proteins very rarely act in isolation, but are organized as part of large multiprotein complexes/molecular machines that may dynamically change their spatial and temporal organization (3) (4) (5) . Along this line, unbiased proteomics approaches for drug targets have shown that most drugs that were considered highly specific often interact with a larger number of previously-unidentified target proteins that themselves are even part of larger protein complexes (6, 7) . In line with these insights, pharmacogenomic studies suggest that dozens, if not hundreds, of gene products affect the efficacy of drugs in individuals (8) . Furthermore, drugs often have undesired side effects by impinging on different pathways that, in turn, may be shared by different diseases (9, 10) . These insights have changed our view of drug action. Instead of considering the alteration of the activity of a single protein by a drug, the action of a drug may have pleiotropic effects on a number of different proteins, leading to a perturbation of molecular networks at different levels (including changes in gene expression, posttranslational modifications, protein-protein interactions, and metabolites).
The Bcr-Abl tyrosine kinase and its small-molecule inhibitors, such as imatinib, served as a paradigmatic case for modern targeted cancer therapy. Bcr-Abl is formed by a reciprocal chromosomal translocation event [t9; 22 (q34;q11) ] that leads to the fusion of the breakpoint cluster region (BCR) gene and the Abelson tyrosine kinase (ABL1), thereby generating a deregulated, constitutivelyactivated tyrosine kinase (11) . Expression of Bcr-Abl is considered to be sufficient for the transformation of hematopoietic stem cells leading to chronic myeloid leukemia (CML) in humans and a CML-like myeloproliferative disorder in mice (12, 13) . The central role of Bcr-Abl in the pathophysiology of CML led to the development of the highly-specific Bcr-Abl inhibitor imatinib (Gleevec) that is now the frontline therapy for CML in all disease stages (14) . The occurrence of secondary imatinib resistance leading to patient relapse and disease progression led to the development and approval of the second-generation inhibitors nilotinib and dasatinib that target most imatinib-resistant Bcr-Abl variants (15) . However, the general shortcomings of primary and secondary resistance, especially in advanced disease stages, and long-term tolerability of Bcr-Abl inhibitors remain a major clinical problem (16) . Considering the inability of current Bcr-Abl inhibitors to target leukemia stem cells, we aim to study the molecular repertoire and the cellular circuitry that Bcr-Abl does participate in, which may be a useful way to identify possible additional targets in the Bcr-Abl signaling network that may be exploited for combination therapy (17) .
Bcr-Abl expression leads to the phosphorylation and activation of a large number of key signaling components (18) . Furthermore, Bcr-Abl, which itself is phosphorylated on numerous tyrosine residues, leads to the recruitment of a set of proteins containing Src homology 2 (SH2) and/or phosphotyrosine binding (PTB) domains, and Bcr-Abl binds to tyrosine-phosphorylated proteins via its own SH2 domain. Thereby, Bcr-Abl is thought to be assembled in a multiprotein complex (19) (20) (21) (22) .
Aware of the existing extensive, but heterogeneous data on Bcr-Abl interacting proteins, substrates, and downstream signaling components, we undertook a systematic and unbiased approach to study the Bcr-Abl protein interaction network with the aim to complement the existing data and provide a more consolidated view on Bcr-Abl protein interaction partners. We decided to use a defined cellular setting and concentrate on the immediate interactors of Bcr-Abl. We purified endogenous Bcr-Abl protein complexes from CML cells and identified its associated proteins by MS and focused on 18 proteins that appeared to interact with Bcr-Abl at high stochiometry. Using tandem affinity purifications of 9 of these Bcr-Abl interactors, statistical analysis of the protein interaction network identified a set of 7 proteins that was most highly interconnected with Bcr-Abl, compatible with the notion of a Bcr-Abl ''core'' complex. Importantly, we show that inhibition of Bcr-Abl kinase activity by tyrosine kinase inhibitors resulted in the complete disruption of some interactions, whereas others were partly retained or remodeled in the presence of the drugs.
Results

Proteomic Identification of the Endogenous Bcr-Abl Multiprotein
Complex. To identify endogenous interactors of Bcr-Abl, we immunoprecipitated Bcr-Abl/c-Abl protein complexes from cell lysates of the CML cell line K562 by using the monoclonal Abl antibody 24-21 (23) (Fig. 1A) . Mapping the epitope of this antibody showed that it recognizes the ␣II-␣III loop in the C-terminal F-actin binding domain present in both Bcr-Abl and c-Abl (residues 1094-1096), which is not involved in F-actin binding or any other known protein-protein interaction (24) (Fig. 1B) . Bcr-Abl/c-Abl and interacting proteins were isolated by using covalently-coupled Abl antibody and eluted with detergent. Elution fractions that contained most Bcr-Abl were pooled, separated by 1D SDS/PAGE and analyzed by MS. Searching the MS data against the human IPI protein database yielded a primary dataset of 427 proteins (25) (Table S1 ). In parallel, we identified the 708 proteins most prevalent in the total cell lysate of K562 cells representing the K562 core proteome (26) (Table S2 ). Based on this list of proteins, specific proteins were identified by comparing pull-down versus core proteome datasets by applying the SAM statistical test (27) . This statistical procedure, gauged at 5% false discovery rate, yielded 18 high confidence interactors of Bcr-Abl/c-Abl with a sequence coverage that would be compatible with a high stoichiometry interaction (Table S3) . As expected, a number of these 18 Bcr-Abl/ c-Abl complex component candidates were known interactors of Bcr-Abl and are well-described signaling proteins (Table S3) . Grb2, Shc1, and Crk-I are adapter proteins containing SH3, SH2, and PTB domains that serve as adapter interfaces in tyrosine kinase signaling (28) . p85␣ and ␤ are 2 of 5 regulatory subunits that associate with the catalytic subunit of phosphatidylinositol-3-kinase (29) . The E3-ubiquitin ligases c-Cbl and Cbl-B typically bind and ubiquitinate activated tyrosine kinases and negatively regulate their activity (30) . SHIP-2 is a SH2 domain-containing phosphatidylinositol-5-phosphatase known to bind the Abl SH3 domain and, via its PTB domain, Shc with yet unknown function in Bcr-Abl signaling (31) . Sts-1 (suppressor of T cell receptor signaling 1) was initially identified as a JAK2 interactor containing an SH3 domain. Subsequently, Sts-1 was described as a negative regulator of the EGF receptor, ZAP70, and Syk, which can be attributed to the presence a noncanonical tyrosine phosphatase domain in the C terminus of the protein (32, 33) . Sts-1 is a hitherto undescribed interactor of Bcr-Abl and may be a novel regulator or antagonist of Bcr-Abl action. The remaining interactors belong to the clathrin-mediated endocytic machinery, including different adapter protein 2 (AP2) complex subunits (AP2␣1, AP2␤1, AP21), the epidermal growth factor receptor substrate 15 (Eps15), Stonin-2 (STN2), BMP-2-inducible protein kinase (BMP2K/BIKE), and RALBP1-associated EPS domain-containing protein (REPS1) (34) (Table S3 ). In addition to the 18 interactors compatible with stoichiometric interactions, we identified many previously-characterized Bcr-Abl/cAbl interacting proteins, such as Abi-1, Abi-2, DNA-PK, WAVE-2, SHP-2, and Crk-L, but with lower peptide counts (35) (Table S1 ).
As the Abl immunoprecipitation experiment of endogenous complexes did not allow us to distinguish between interactors of Bcr-Abl and c-Abl, we engineered K562 cell lines expressing versions of c-Abl (autoinhibited) the constitutively-active c-Abl PP (36) variant fused to a tandem affinity purification (TAP) tag (37) . In both cases, purifications from K562 cells yielded large amounts of the c-Abl bait protein, but none of the 18 interactors described above (Table S4) . Thus, these are bona fide Bcr-Abl interactors.
Bcr-Abl Protein Network Analysis. We performed TAP complex purifications of Bcr-Abl interacting proteins from K562 cells with a 2-fold aim: (i) to obtain reciprocal confirmatory data on the interaction with Bcr-Abl of the individual proteins and (ii) to perform a topological analysis of the enlarged network obtained from the entire analysis. Of the 18 putative Bcr-Abl complex members, we chose Shc1, SHIP-2, Crk-I, Grb2, Sts-1, and 1 member each of the Cbl and p85 families (c-Cbl and p85␤, respectively). Of all of the proteins thought to be involved in the AP2 adapter complex, we chose to analyze 2 representative members (Eps15 and AP21), taking amenability and size into account. All 9 TAP purifications were performed as biological duplicates and statistically significant interactors were identified by using core proteome Fig. 2 and Table S5 ). In all cases the bait protein was identified abundantly in the final TAP eluate by immunoblotting and MS analysis (Table S5 and Fig. S1 ). Each of the 9 bait proteins identified a number of known interactors, validating the experimental approach, whereas Ϸ2/3 of all interactors may be considered as novel according to the Human Protein Reference Database (HPRD) or IntAct database (Fig. 2 ). This dataset enriches the still scanty database of human MS-analyzed protein-protein interactions. Not unexpectedly, the small SH2/SH3/PTB domain containing adapter proteins Grb2, Shc1, and Crk-I displayed most interactors, many of which link to important downstream signaling pathways (Fig. 2) . Rewardingly, all bait proteins, with the exception of Eps15 and AP21, interacted with at least half of the other bait proteins, including Bcr-Abl.
enrichment (
The combination of the datasets from the 9 TAP purifications resulted in a single coherent protein-protein interaction network around the 9 bait proteins embedding Bcr-Abl in its center. Analysis of the network topology revealed a high level of interconnectivity (Fig. 3) . To monitor the significance and degree of interconnectivity, we considered k-cores in the network (38) . A k-core is a subnetwork containing at least k nodes, where each node is linked to at least k other nodes. For example, in a 4-core (i.e., k ϭ 4) each node is connected to at least 4 other members of the protein network constituting the 4-core network. Generation of randomized networks shows that the 4-core (consisting of Bcr-Abl, SHIP-2, c-Cbl, p85␣/␤, Sts-1, Shc1, Grb2, and Crk-I as nodes) is significant at the 10 Ϫ5 level. Interestingly, if Sts-1 is excluded, the closer Bcr-Abl interactors form an even more connected 5-core (Fig. 3 , red halo). The 2 TAP baits of the AP2 adaptor complex (Eps15 and AP21) display 3 (AP21) and only 1 edge (Eps15) to the members of the 5-core and are therefore positioned more distantly in the network (Fig. 3 , blue halo).
To limit the possible bias introduced by the a priori selection of the 9 bait proteins, where a protein that was not initially selected as Bcr-Abl interactor could have a reduced connectivity with the complex around Bcr-Abl, we represent the TAP-MS results as an undirected graph, meaning that the edges between the nodes in the network do not contain directionality information on the interactions. Therefore, a link created from a bait protein is also valid starting from its prey. To assess the significance of our finding of a 4-and 5-core, we performed network randomization simulations. Generating 10 5 different randomized networks resulted only in 2-and 3-cores in approximately equal proportion (Fig. 3B , gray histogram), but no k-cores with k Ͼ 3. Therefore, the observed 4-and 5-core networks are statistically highly significant (P Ͻ 10 Ϫ5 ; Fig. 3B , red and blue line graph).
In conclusion, the unbiased network analysis of the TAP dataset showed that Eps15 and AP21 form an 11-member 2-core complex (AP2␣1, AP2␣2, AP2␤1, AP21, AP1␤1, BIKE, Eps15, NECAP2, stonin-2) that included Shc1 and Crk-I (Fig. 3, blue halo) . This finding raised the possibility that AP2 adapter complex-mediated intracellular trafficking is functionally linked to the Bcr-Abl com- Table S4 .
plex in analogy to the function of the AP2 adapter complex in receptor tyrosine kinase trafficking. Clearly, Bcr-Abl is most intimately interconnected with SHIP-2, c-Cbl, p85␣/␤, Shc1, Sts-1, Grb2, and Crk-I, which we define as the 8-member Bcr-Abl core complex (4) . From all that is known about the biology of p85␣ and p85␤, it is unlikely that both p85 isoforms may have a different binding mode or be present simultaneously in the Bcr-Abl core complex. Therefore, for the remainder of the article, both isoforms will be treated equally.
The network analysis also revealed some proteins interacting with 3 different Bcr-Abl core interactors, each ( Fig. 3A and Fig.  S2A ; light blue nodes). These included spectrin-␣, 2 of the catalytic subunits of phosphatidylinositol-3-kinase (p110␣ and p110␤), the SH2-domain containing tyrosine phosphatase SHP-2, the tyrosine kinase Csk, the Grb2 adapter binding protein Gab2, and the guanine nucleotide exchange factor Sos1. Many of these proteins are protooncogenes and have been described to form critical links to downstream signaling pathways (p110␣/␤ for the PI3K/Akt pathway; Sos1, Gab2, and SHP-2 for the Ras/MAPK pathway) and were shown to be necessary for Bcr-Abl dependent transformation, e.g., SHP-2 and Gab2 (39, 40) .
Impact of Tyrosine Kinase Inhibitors on the Bcr-Abl Core Complex. The tyrosine kinase inhibitors nilotinib and dasatinib are very potent inhibitors of Bcr-Abl and successfully used to treat CML patients (15) . Dasatinib targets the active conformation of Bcr-Abl and has a markedly broader specificity compared with the highly selective nilotinib, which targets a unique inactive Bcr-Abl conformation, as does imatinib (7, 41) . To monitor the impact of these tyrosine kinase inhibitors on the integrity and composition of the Bcr-Abl complex, we treated K562 cells with dasatinib and nilotinib for 3 h at concentrations Ϸ10 times higher than their respective IC 50 values for Bcr-Abl. Under these conditions, Bcr-Abl kinase activity and Bcr-Abl-dependent signal transduction is effectively suppressed (48) . We immunoprecipitated Bcr-Abl complexes from drug-and mock-treated cells and analyzed the samples by immunoblotting against the Bcr-Abl interactors (Fig. 4A ). In addition, we performed relative quantification by MS using iTRAQ labeling (42) (Fig. 4 B  and D) . Whereas Bcr-Abl immunoprecipitated with equal efficiency from mock-, dasatinib-, and nilotinib-treated K562 cells, a strong decrease in the interaction of all 7 core interactors was observed in the presence of the drugs. Interaction of Bcr-Abl with c-Cbl, Sts-1, Shc1, and Crk-I was undetectable upon drug treatment, whereas the residual binding of SHIP-2, p85␤, and Grb2 to Bcr-Abl could be detected in the presence of both drugs (Fig. 4A) . In line with these results, interaction of all 7 core members with Bcr-Abl was found to be reduced by dasatinib by using relative quantification by MS. In another iTRAQ experiment we compared mockand nilotinib-treated samples. Here, Crk-I, Sts-1, and Shc1 showed reduced binding to Bcr-Abl (Fig. 4B) . Interestingly, Crk-I, Sts-1, and Shc1, which were undetectable in Abl immunoprecpitates from drug-treated cells, also showed the strongest reduction in binding to Bcr-Abl (Ͼ5-fold) in both quantitative MS experiments (Fig. 4 A  and B) . Notably, SHIP-2 showed the mildest reduction (2.5-fold) in binding to Bcr-Abl by dasatinib in the MS experiment and residual interaction with Bcr-Abl could be detected by immunoblotting. To analyze changes in protein complex composition of a specific Bcr-Abl interactor, we immunoprecipitated Grb2, probed for BcrAbl and the selected core interactors, and performed relative quantification by using iTRAQ in the presence and absence of nilotinib. Reduced binding of Bcr-Abl, SHIP-2, and Shc1 to Grb2 was detected by iTRAQ and immunoblotting (Fig. 4 C and D) .
Altogether, these experiments show that the Bcr-Abl complex is severely affected by the drug treatment, but at the same time that individual interactions are affected differentially, so that one can still detect a postdrug protein complex. These experiments prompts us to conclude that Bcr-Abl tyrosine kinase inhibitors are targeting the Bcr-Abl complex, leading to its remodeling rather than ''just'' binding to the Bcr-Abl kinase domain.
Discussion
We have performed 2 independent, but connected, lines of experiments that led to the characterization of what we would like to propose as the Bcr-Abl core complex in CML cells. We started out to identify the native endogenous Bcr-Abl complex, which led to a list of 18 candidate interactors for which the semiquantitative parameter of sequence coverage by MS was compatible with the association being stoichiometric in nature. The protein interaction network of 9 of the candidates (excluding Bcr-Abl as bait) was therefore determined by using TAP to enable a statistical analysis of the resulting protein network topology. The network showed that 8 proteins (including Bcr-Abl) were significantly more connected with each other than with any other of the hundred proteins in the analysis or compared with control random networks. Other proteins of the 18 candidate interactors formed different subnetworks presumably more loosely connected to Bcr-Abl and likely to represent modules exerting cellular household functions (such as the AP2 adapter complex). We believe that the 2 approaches offer convincing evidence for the existence of an 8-component Bcr-Abl containing multiprotein complex of high stoichiometry. Such a complex, taking Bcr-Abl tetramerization into account, is calculated to exceed 2.5 MDa. All of our attempts to obtain confirmation of the size of the intact complex by sucrose density gradients, gelfiltration, or native gel electrophoresis combined with chemical cross-linking were frustrated by the failure to yield homogenous results. This result is likely to reflect the general difficulty to measure protein assemblies in solution that are close to the size limits of the technologies and the relatively low affinity and dynamics by which the mainly SH2/SH3 domain-dependent interactions of this particular complex appears to depend on. In addition, alternative complexes with different (mutually-exclusive) constituents may exist that in principle cannot be identified with the TAP-MS approach and ensuing network analysis. Finally, future studies will have to confirm the set of Bcr-Abl interactors in cell lines other than K562.
TAP and other 2-step affinity purification strategies have proven to be a robust technology for the characterization of protein complexes and are known to reliably identify rather sturdy interactions of either high-affinity and/or favorable kinetic parameters (e.g., low k off rates) (43) . Therefore, many interactions that had been described in the literature, some that are critical for Bcr-Abl function, may have evaded detection by TAP because they may be less sturdy, less stoichiometric, or confined to other particular cells or conditions. A large group of Bcr-Abl interactors are likely to include Bcr-Abl substrate proteins that are just phosphorylated by Bcr-Abl without engaging in an interaction intimate enough to survive 2 affinity purification steps. In this study, we have focused on the core components of Bcr-Abl interacting proteins that form a platform that link the Bcr-Abl core complex to different signal transduction pathways and is embedded in a wider signal transduction network, including major downstream transcriptional targets, such as STAT5 or Myc (22) .
The TAP-MS approach with the 9 selected baits resulted in the identification of a large number of novel interactors. In addition, through unbiased protein identification by MS, the approach confirmed several previously-identified interactors of most bait proteins, in particular, of the intensively-studied SH2-containing adapter proteins. This dataset significantly increases the existing protein-protein interactions of the bait proteins and will be a valuable resource for the scientific community.
The prominent identification of the 5-inositol phosphatase SHIP-2 and the protein tyrosine phosphatase Sts-1 as a novel Bcr-Abl interactor is interesting to note as both proteins have been described as negative regulators in different signal transduction pathways (32, 44) . Sts-1 was shown to strongly dephosphorylate different tyrosine kinases. Elucidating the molecular and functional details of the Sts-1 Bcr-Abl interaction should be the object of future studies.
The Bcr-Abl core complex is a complex assembly of 8 different proteins with many different domains and a complex interaction mode. Most notably, it carries 3 different enzymatic activities caused by the presence of the tyrosine kinase domain in Bcr-Abl, a tyrosine phosphatase domain in Sts-1, and a 5-inositolphosphatase domain in SHIP-2. Future studies will need to address whether all enzymatic domains are activated in the Bcr-Abl core complex and whether alternative pharmacological targeting may be of benefit in combination with tyrosine kinase inhibitor treatment to overcome drug resistance or disease relapse.
One of the most interesting findings of our study is the ability of tyrosine kinase inhibitors to remodel the Bcr-Abl core complex. Upon inhibition of Bcr-Abl kinase activity with dasatinib or nilotinib, a severe reduction in the interactions of 4 of 7 core interactors with Bcr-Abl was detected, likely to be caused by the inhibition of Bcr-Abl tyrosine kinase activity and the ensuing global loss of tyrosine phosphorylation in K562 cells. As a consequence, SH2-and PTB domain-mediated interactions were abolished, whereas interactions that are independent of tyrosine phosphorylation could be maintained. Furthermore, because tyrosine phosphorylation may also allosterically change domain conformations or intramolecular interactions, protein-protein interactions may remodel in the presence of tyrosine kinase inhibitors. Indeed, we observed that certain interactions were only reduced, but not abolished in the presence of drug. Therefore, we propose a ''post drug complex'' that may be assembled differently, because residually bound Bcr-Abl interactors may have switched their molecular interaction mode. Thus, rather than simple ''loss of function,'' the molecular mode of action of nilotinib and dasatinib can be described as system perturbations that leads to a dynamic remodeling of the protein-protein interaction space. This finding may represent a paradigm for the characterization of drug targets in the postgenomic era, but it needs further experimental support beyond the Bcr-Abl core complex. In Situ Tryptic Digestion. Proteins in the gel slices were reduced with DTT, alkylated by incubation with iodoacetamide, and digested in situ with modified porcine trypsin (Promega) (1). The resultant peptide mixture was extracted from the gel slices and desalted with customised reversed-phase stage tips (2) . The volume of the eluted sample was reduced to Ϸ2 L in a vacuum centrifuge and reconstituted to 10 L with LC Phase A (see below). Depending on the intensity of the protein band staining, additional multiples of 8 L of LC phase A were added to specific samples before analysis by LCMS.
Materials and Methods
DNA
MS and Data Analysis. MS was performed on a quadrupole TOF (QTOF) mass spectrometer (QTOF Ultima; Waters) equipped with a nanoelectrospray ion source coupled to a HPLC Agilent 1100 nanoflow system. The HPLC system was comprised of a solvent degasser, a binary pump, and a nanoflow pump. Phase A consisted of 0.4% acetic acid and 0.005% heptafluorobutyric acid (HFBA) in water, and phase B consisted of 0.4% acetic acid and 0.005% HFBA in 90% acetonitrile. From the thermostated microautosampler, 8 L of the tryptic peptide mixture was automatically loaded onto a trap column (Zorbax 5 mm; Agilent Technologies) with the binary pump at a flow rate of 50 L/min (3% phase B). After the trap column was washed with 3% phase B, the peptides were back-flushed onto a customized 8-cm fused silica analytical column (inner diameter 75 m) packed with C18 3-m diameter Reprosil beads (Maisch). The peptides were eluted from the analytical column with a 25-min gradient ranging from 13% to 35% phase B, followed by a 3-min gradient from 35% to 50% phase B, and a 4-min gradient from 50% to 100% phase B at a constant flow rate of 250 nL/min. The analysis was performed in a data-dependent acquisition mode by using 1 MS channel for every 3 MSMS channels and a dynamic exclusion for selected ions of 60 s (MassLynx; Waters).
The acquired data were processed with ProteinLynx Global Server 2.2.1 (Waters) and searched against an internally-curated version of the International Protein Index (IPI) protein sequence database (human IPI version 3.32, European Bioinformatics Institute, www.ebi.ac.uk/IPI) with the search engine MASCOT. This compilation of entries from Swiss-Prot, TrEMBL, RefSeq, and Ensembl was appended with frequently observed nonhuman contaminants (e.g., TEV protease). Submission to MASCOT was via a Perl script that performs an initial search with broad mass tolerances on both the precursor and fragment ions (200 ppm and 0.15 Da, respectively). High confidence peptide identifications were used to recalibrate all precursors and fragment ion masses before a second search with narrower mass tolerances (15 ppm and 0.05 Da). One missed tryptic cleavage site was allowed. Carbamidomethyl cysteine was set as a fixed modification, and oxidized methionine was set as a variable modification. Criterion for a positive protein identification was identification of a minimum of 2 peptides with a Mascot peptide score of Ͼ ϭ 20. Protein identifications were grouped according to shared peptides (3) and only 1 protein per group, having all of the peptides, is reported as identified. A protein false discovery rate (FDR) of Ͻ0.25% was estimated by searching the dataset against a reversed database.
Identification of Core Complex
Candidates. The total cell lysate of wild-type K562 cells (core proteome) was analyzed by LC-MSMS as technical duplicates, and the large-scale Bcr-Abl immunoprecipitates were analyzed as technical triplicates. Results obtained from each of the 5 gel lanes were merged to give 5 data files.
Comparison of the IP samples with the core proteome samples was based on peptide counts (PCs), i.e., the total number of unique peptides identified. Peptide counts have been used by our laboratory and other groups to report relative protein abundance in a semiquantitative manner (4) (5) (6) . The resultant table of PCs was processed by means of a statistical test, which was designed to detect proteins truly enriched by the IP procedure, i.e., proteins that were significantly more abundant in the IP samples versus the core proteome samples. The test, named SAM (7), was originally developed for gene microarrays and classically rewards differences in expression supported by limited data variability. An R script was used to run SAM and we imposed a FDR of 5%.
Identification of Confident Binders in TAP-MS Experiments.
Each TAP experiment was analyzed by LC-MSMS as biological duplicates. The statistical method outlined above for the large-scale immunoprecipitates, however, could not be applied in these experiments because of more limited repeats and higher data variability. Thus empirical criteria were used instead: a protein identified in both the TAP and the core proteome samples was considered a confident binder if the PCs in the TAP replicates were at least 3-fold larger than the PCs in the core proteome replicates; alternatively, proteins not found in the core proteome were imposed slightly more stringent minimum PCs compared with what is required for protein detection. Namely, we required 2 peptides in both TAP replicates, or 3 peptides in at least 1 replicate. Expressed in simple formulae, we consider a protein a confident binder if one of the following conditions holds:
, where T 1 and T 2 are the PCs of the 2 TAP replicates, min(T 1 , T 2 ) is the minimum of T 1 and T 2 , C 1 and C 2 are the PCs of the 2 core proteome replicates, max(C 1 , C 2 ) is the maximum of C 1 and C 2 . Note the conservative definition of the 3-fold change involving the minimum and the maximum as opposed to the use of the averages.
(ii) C 1 ϭ C 2 ϭ 0, T 1 Ն 2, and T 2 Ն 2 (detected in both TAP replicates and in none of the core proteome replicates).
(iii) C 1 ϭ C 2 ϭ 0, and T 1 Ն 3 or T 2 Ն 3 (detected in one TAP replicate and in none of the core proteome replicates).
Statistical Analysis of the Network. To identify the group of proteins significantly related to Bcr-Abl, which we postulated as the core complex around the latter, the topology of the network (undirected graph) obtained by linking each complex candidate to confident binders was exploited. A total of 100,000 random graphs were generated by shuffling edges, and we searched each for the largest k with a nonempty k-core (8) , thereby learning the null distribution of the largest k. It is found to be significant at the 10 Ϫ5 level for values equal or larger than 4 and not significant under 4. We then considered the real network and found the 4-and 5-cores (no 6-core).
iTRAQ and Data Analysis. Bcr-Abl-and Grb2-complexes were immunoprecipitated from mock-, dasatinib-, or nilotinib-treated K562 cells, washed in detergent-and amine-free Hepes-buffer, eluted with 150 mM HCl, and neutralized with 0.5 M triethylammonium bicarbonate (TEAB). Elution fractions were pooled, reduced, alkylated, and digested with trypsin. Each sample was split into 2 aliquots and labeled with the respective iTRAQ reagents. The peptide mixture was separated with RP-HPLC, spotted onto a MALDI plate, and analyzed with tandem MS (4800 MALDI TOF/TOF; Applied Biosystems). Data interpretation was performed by computing the median of all 4 iTRAQ ratios (116:114, 117:114, 116:115, and 117:115) for each protein and assuming they were dominated by proteins whose abundance was not modulated by nilotinib or dasatinib treatment. Therefore we fit a Gamma distribution to capture the random ratios by using robust estimates [average replaced by median and standard deviation replaced by the median absolute deviation (MAD)], and we set a threshold S corresponding to P Ͻ 0.005. Median ratios larger than S were considered significant. Table S1  Table S2  Table S3  Table S4  Table S5 p85β 
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